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ABSTRACT

The purpose of this report is to document the final results and conclusions of work
on the behavior of aluminum titanate materials in a diesel engine environment. The work
was conducted in three phases. Phase 1 covered investigation of material properties
and microstructures of aluminum titanate materials from three different manufacturers.
Phase 2 consisted of testing and evaluation of the material properties and microstruc-
ture, of each of the materials, after environmental exposures. Phase 3 work involved
investigation of casting procedures to produce a cast-in-place exhaust port.
Temperature profiles were recorded and different external compliant layers and core
sand compositions were examined.

The aluminum titanate material from the three different manufacturers showed sig-
nificant differences in strength, stability and thermophysical properties. One material
was low density with low strength, modulus and conductivity. The second material
exhibited degradation to «-AI3O] after aging at temperatures greater than 1000° C. The
third material had very high strength as-received but showed a strength loss of up to
40% after aging. However, the strength for this material after aging remained greater
than the as-received strength of the other two materials.

The casting studies showed that cast-in-place ports can be produced. The most
promising results were seen when the core sand composition was 50% SiC/ 50% Fe.
This composition had thermal expansion characteristics which kept the core sand in
contact with the aluminum titanate port during solidification and cooling of the cast iron.
However, the casting parameters must be optimized to improve the success rate for
casting-in-place.

The successful production of cast-in-place exhaust ports is a significant chalienge.
Major time and financial investments will be required to fully understand and implement
tc?e required changes to the cylinder head, port design, materials and casting proce-

ures. .
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INTRODUCTION:

Cummins Engine Company has been involved in the development of cast-in-
place aluminum titanate exhaust ports since 1983. In the last five years, Cum-
mins, Coors Ceramic, Case Western Reserve University, and Golden Foundry
have been developing the methodology to incorporate insulating ceramic
exhaust ports into advanced diesel engines. Through this work, Cummins
Engine Company has characterized three suppliers of aluminum titanate
ceramics.

Applications for ceramic materials in the exhaust port have been investigated
since 1976 when studies by Ford [1,2] showed that low heat rejection in the
exhaust port could improve the catalytic converter efficiency and reduce cooling
system size in a spark ignition engine. Subsequent studies and modelling by
Ricardo [3] and Cummins [4] on direct injection diesel engines reported that
approximately 30% of the heat rejected to the coolant comes from the exhaust
port. These studies determined that insulation of the port results in a 30 to 50%
decrease in the heat rejection to the coolant from the port, thus, resulting in a
10 to 15% decrease in total engine heat rejection to the coolant.

The reasons for adding an insulated exhaust port to an engine are two-fold. The
thermal energy in the exhaust gas does not transfer into the cylinder head
resulting in lower heat rejection to the coolant system and the opportunity to
reducethe size ofthe coolant system. Thethermal energy retainedinthe exhaust
gasis then used inthe turbocharging system to provide a higher boost pressure
for the intake air to the cylinder resulting in an increase in engine output power.

Aluminum titanate is being investigated for use as exhaust port liners in diesel
engines because the material has a favorable combination of properties that will
allow a component to survive the thermal and mechanical stresses of casting
and provide long life in the end use application. Aluminum titanate exhibits
desirable thermal properties of low thermal conductivity, low apparent thermal
expansion and excellent thermal shock resistance. The low thermal expansion
results from extreme anisotropy in the crystal structure and microcrack for-
mation at the grain boundaries.[5] The extent of microcracking is a function of
grain size [6] and can significantly reduce the strength and modulus of the
aluminum titanate.

This material has been in commercial production at Porsche in Europe [7] since
1985 for spark ignition engines. The successful application of insulating exhaust
ports by Porsche has proven that improvements in thermal efficiency, poliution
control and cooling system size are possible.[8] However, incorporating
insulating exhaust ports in a cast iron cylinder head for a commercial diesel
engine remains a formidable challenge.

Inthe case of heavy duty diesel engine heads, the head material is gray or ductile
iron with a much higher pouring temperature than aluminum, and the heavy duty
diesel engine ports themselves are approximately 2 to 3 times larger than
automotive ports. These two items, coupled with the higher strength of iron,
results in fracture of the aluminum titanate ports.

Casting models have been developed [9,10] to aid in design of components
which will survive the casting process. However, review of available information,
including results of this work, by Cummins, Coors Ceramic, Hoechst, NGK
Insulators, Case Western and others, has indicated that changes in the alumi-
num titanate material properties and/or changes in design geometry, by




themselves, are not sufficient to obtain successful castings for diesel engine
applications. Cummins has shown through their internal studies that compliant
layers on the outside of the ports and that reducing the thermal expansion
mismatch during cooling, between the core material and cast ductile iron, can
significantly improve the survivability of the port. Cummins has also shown that
the port casting survivability depends in part on the thickness of the metal, pour
temperature, and the core material to mention a few variables that appear
significant.

This work was conducted in three phases, with each phase examining differ-
ent aspects of the material properties or casting performance. Phase |
involved a study of aluminum titanate material properties as-received, after
simulated casting and actual casting conditions. Phase Il involved a study of
aluminum titanate material properties after long term exposure to simulated
exhaust conditions. The material properties in Phases | and Il were studied
with the application of cast-in-place diesel exhaust ports in mind. The most
important properties to consider include material microstructure, thermal
expansion and thermal conductivity in regard to the thermal behavior during
the application. Mechanical properties of the materiai are also important in
terms of the casting operation and the long term durability of the insulated
diesel engine head. Phase il involved casting aluminum titanate ports into
cast iron and examination of the effects of compliant layers and core sand
composition on the survival of the port during the casting process.




EXPER MENTAL PROCEDURE:

Aiuminum titanate from three different sources was subjected to the following
exposures and tests to evaluate the material properties and performance as
related to use in a diesel engine exhaust port liner. The three suppliers of
aluminum titanate for this work were Coors Ceramic, Hoechst Ceramatec and
NGK Insulators.

ENVIRONMENTAL EXPOSURE

The aluminum titanate materials being investigated were subjected to different
environmental exposures to examine the material property behavior under con-
ditions similar to those expected in production and during the service life.

Phase |

The purpose of the exposures in Phase | of the program was to examine the
effects of simulated and actual casting environments on the material proper-
ties.

Thermal Exposure

Test bar specimens of each aluminum titanate were exposed in an oxidiz-
ing furnace environment for 15 minutes at 1370°C and then furnace
cooled to room temperature. This exposure was designed to simulate
the thermal stresses induced in the material from thermal shock at the
13700C pour temperature for molten iron and subsequent thermal con-
traction stresses as the iron casting solidifies and cools to room tempera-
ture.

Casting Exposure
Generic design exhaust ports and flat plates of each aluminum titanate

were cast into ductile iron blocks. The initial pour temperature of the
molten iron was 1425°C with cooling to 1370°C during the pour.

Thermal Degradation Exposure

The thermal degradation behavior of each of the aluminum titanates was
examined. Specimens cut from flat plates, as-received and after casting
exposure, were heated from 250C to 980°C in 5 h, held at temperature
for 5 h, and furnace cooled.

Phase Il

The purpose of Phase Il of the progfam was to examine the effects of long
term thermal exposure of the materials in an thermal environment repre-
sentative of anticipated exhaust port operation temperatures.

Thermal Exposure

Test bar specimens were exposed to a simulated casting temperature of
1370°C. One sample set, Lot A, was exposed for 30 min and a second
sample set, Lot B, was exposed for 24 h. Following the casting tempera-
ture exposure, both sample sets were divided into four groups and each
group of specimens held at simulated engine exhaust gas temperatures
for 500 h. These temperatures are as follows:




Baseline (#1) No additional exposure
Exposure #2 5400°C
Exposure #3 8150C
Exposure #4 1090°C

The temperatures chosen fcr the exposures were determined from
the current and anticipated exhaust gas temperatures from the
power cylinder. Exposure #2 represents the current average
exhaust gas temperature for a diesel engine. Exposure #3 repre-
sents the anticipated exhaust gas temperature from an insulated
power cylinder and exposure #4 represents the surface
temperature of the insulated components in the combustion zone.

Diesel Exhaust Exposure

Two sets of test bar specimens for each of the aluminum titanates were
exposed to a simulated casting temperature of 1370°C. One set of spec-
imens was exposed for 30 min and the second set was exposed for 24 h.

Following the simulated casting exposure, the specimens were placed in
the exhaust stream of an operating diesel engine for 500 hours.

cviinder Head Casti
A V-903 production multi-cylinder head was cast at Golden Foundry
using Coors aluminum titanate exhaust ports. The core sand for the
castings was SiC. Three compliant layers were placed on the ports. Two
ports had a hollow ceramic sphere layer, three ports had a ceramic
cement layer and three ports had a foamed ceramic layer. The pour
temperature of the iron was 1425°C.

MATERIAL PROPERTY TESTING

Density

Ten test bar specimens for each of the aluminum titanates were measured
with a Sylvac digital caliper and weighed on a Mettler precision analytical
balance. The geometric density was calculated for each specimen and a
mean sample density determined for each of the aluminum titanates.

Mechanical Properties

The mechanical properties of the aluminum titanates were investigated in the
as-received condition and after the environmental exposures.

Flexural Strength

Flexural strength testing was conducted using an Instron universal test-
ing machine. Specimens from Phase | exposures were tested in four
point flexure in accordance with MIL-STD-1942(MR). Specimens from
Phase Il exposures were tested in three point flexure in accordance with
MIL-STD-1942(MR).

-10-




Eractography

Fracture surfaces of each of the specimens from the flexural strength
testing were examined optically using a Zeiss Axiomat research metallo-

graph.

Modulus

Measurements of the elastic modulus, shear modulus and Pois-

son'’s ratio were conducted at Oak Ridge National Laboratory by
Mr. Bill Simpson and Dr. Ray Johnson using an ultrasonic elastic
modulus method. (See Appendix A).

Microstructural Analysis

The microstructure of representative specimens for each aluminum titanate,
as-received and after each exposure, was examined using optical and X-ray
techniques.
Microstructure
Specimens of each of the aluminum titanates, as-received and after each
exposure, were mounted and polished. The microstructures were then
examined using a Zeiss Axiomat metallograph. The fracture surface of
specimens of each aluminum titanate, as-received and after the Phase |
thermal exposure (1370°C/15 min, furnace cool) and as manufactured
surface of specimens of each aluminum titanate, as-received and after
Phase | casting exposure, were examined. The surfaces of interest were

sputter coated with gold and the microstructure of each specimen
examined using an Amray Scanning Electron Microscope (SEM).

E| tal and Pt . "
The specimens examined in the SEM for microstructure were then

examined for overall elemental composition and phase elemental compo-
sition using an EDAX Energy Dispersive X-ray analyzer.

X-ray Diffracti
The crystalline phase structure for representative specimens of each alu-
minum titanate, as-received, after casting and after thermal degradation
exposure, was examined using a Siemens X-ray diffactometer. In
addition, a specimen of the Hoechst material, after Phase Il thermal expo-
sure #4, was examined when results of the microstructure examination
and thgrmal expansion tests showed that further investigation was
needed.

Thermal Expansion

The thermal expansion of each aluminum titanate was measured using a
Harrop Laboratories Thermal Dilatometer. The expansion was measured
over the temperature range 25 to 1350°C, both heating and cooling, for as-
received and Phase | exposures. The expansion was measured over the
temperature range 25 to 1000°C, both heating and cooling, for Phase |l
exposures.

-11-




Thermal Conductivity

Thermal conductivity was measured by the Thermophysical Properties
Research Laboratory (TPRL) at Purdue University. The laboratory
experimentation was performed by Dr. R. E. Taylor, Director and his
associates, H. Groot and J. Larimore. Two samples of Coors, Hoechst
and NGK aluminum titanate and two samples of cast iron from Golden
Foundry. The ceramic samples were cut from as-received plates and
the cast iron samples were cut from finished castings. The Laser Flash
Method for determining thermal conductivity was performed by TPRL.
(See Appendix B).

CASTING

Cummins investigated the feasibility of the cast-in-place ceramic port con-
cept in conjunction with foundry technologists at Golden Foundry and
Case Western University. Most of the effort has been through trial and
error processes. Instrumented casting trials were initiated to gather infor-
mation concerning the actual casting process and provide a database for
future modelling studies.

Preliminary Casting

Initial casting studies were conducted at Case Western University. The initial
studies gave insight into the thermocouple placement on the ports, com-
pliant layer considerations and core material considerations for the final cast-
ing studies.

Final Casting

Eight casting trials were conducted at Case Western University. Two differ-
ent types of compliant layer conditions and four different core sands were
investigated. Four of the castings contained no compliant layer and four
contained a paper (Fiberfrax®) compliant layer. The four core sand materials
investigated included SiO,, ZrSiQ4, SiC and 50% SiC/50% Fe.

-12-




RESULTS:

PHASE I: MATERIAL PROPERTY EVALUATION

The Phase | work was conducted on samples of the aluminum titanate
from each of the three sources in an as-received condition, after actual
casting operations and after simulated casting conditions. In addition, the
possible thermal degradation of Al,TiOg at 980°C was investigated.

Density

The densities of the materials evaluated in this work are shown in Table
1.

Table 1: Density of Selected Aluminum Titanate Materials

Material Supplier Densitg
(g/cms)
Hoechst 3.23
Coors 3.14
NGK 2.98

Mechanical Properties
Fl | Testi
The flexural strength of as-received specimens and specimens after
Phase | thermal exposure (13709C/15 min, furnace cool) is shown
in Figure 1. This data shows that in the as-received condition, the
Coors material is the strongest followed by the Hoechst material
and the weakest material is the NGK material. After furnace expo-
sure, the relative ordering is unchanged. The Coors material shows
a 43% loss in flexural strength after the furnace exposure, however,

the after exposure strength is greater than the as-received strength
of the NGK or Hoechst materials.

Eractography

Fracture surfaces of each of the specimens from flexural testing above,
were examined under an optical microscope to determine fracture ori-
gins. The low strength of the materials and porosity in the microstructure
made fracture origin determinations very difficult and no conclusions
could be drawn from the examination.

Modulus

The results of the modulus testing are given in Table 2. The moduli
for each aluminum titanate material were essentially unchanged by
the casting process. Variations in measurements, due to sample
inhomogeneity, were greater than the measured variations between
the as-received and cast samples. The standard error for Pois-
son’s ratio is greater than 200% due to the wide scatter in the mea-
sured values.

13-




Figure 1: Baseline Flexural Strength of Aluminum Titanates

Flexural Strength, MPa

60
50F NN
40+ ZS;S
30+
20r
10r
0 | \ i
Coors Hoechst NGK
As Received I 1370 C/ 15 min
Table 2: Elastic and Shear Moduli and Poisson’s Ratio
Elastic Shear
Material Condition Modulus Modulus Poisson’s
Supplier (GPa) (GPa) Ratio
Coors As-received 47.7 20.5 0.16
Cast 50.0 21.2 0.18
NGK As-received 9.3 4.4 0.06
Cast” 10.7 50 0.07
Hoechst As-received 33.5 15.2 0.10
Cast 33.5 15.2 0.10

* - Average of two samples.
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Microstructural Analysis
Microstructure
The microstructures obtained from fracture surfaces of the three
materials in the as-received condition are shown in SEM photo-
graphs in Figure 2. The fine grain microstructure of the Coors
material is distinctly different from the coarser grained, dense

structure of the Hoechst material. The NGK material is similar to the
Hoechst material with a coarser grained structure as well.

Figure 3 shows SEM photographs of the fracture surface micro-
structures for the three materials after initial furnace exposure of
13700°C for 15 minutes and furnace cooled, followed by 500 hours
of exposure at 550°C. The fine grained microstructure of the Coors
material appears to have experienced some consolidation, whereas
the NGK and Hoechst materials appear relatively unchanged after
exposure.

The final set of microstructures studied are shown in Figures 4 and
5, which compare all as-received and the cast Coors, NGK and
Hoechst materials. In these micrographs, the as-received and
Hoechst cast samples were cut from plates (machined surface),
and the cast Coors and NGK samples were cut from ports (slip cast
surface). Figure 4 shows the SEM photographs and Figure 5
shows the optical photographs of the polished surfaces. The NGK
material was very friable and particles pulled out of the surface dur-
ing polishing. This result was visible in the structure seen in both
Figures 4 and 5.

As was seen in the furnace exposure, there appeared to be consoli-
dation of the fine grained Coors material, however, the microstruc-
ture difference may also be due to the comparison of slip cast and
machined surfaces. The NGK and Hoechst materials appear
unaltered by exposure to the casting operation. In addition, a con-
siderable amount of microcracking exists in the NGK aluminum tita-
nate which may explain the lower observed strength of this material.
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Figure 2: Microstructure of As-Received Materials
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Figure 3: Microstructure After Furnace Exposure
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Figure 4: As-Received vs Cast Microstructure (SEM)
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Hoechst As-Received Hoechst After Casting
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Figure 5: As-Received vs Cast Microstructure (Optical)
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E l Pl . .
The Coors material consists of Al, Si, Ti and Fe. The NGK material

consists of ali of these plus an additional quantity of Mg in the
matrix. The Hoechst material consists of Al, Si, Ti and Mg.

'I_'he overall elemental concentrations and the elemental concentra-
tions for the individual phases of each of the materials are shown in
Table 3.

The microstructures of these materials exhibit three major phases,
with one phase being a distribution of porosity within the structure.
SEM Energy Dispersive Analysis of the phases was conducted with
the following results.

The compositions of the individual phases indicate that the white
phase is a titanium rich phase. In the Hoechst material this phase
appears to correspond to free titania (TiO,). In the NGK and Coors
materials, the white phase appears to be predominantly Al,TiOg.
The presence of Mg in the white phase of the NGK appears to
cause some depletion of the Al content in the phase. The dark
phase in the Coors and NGK materials appears to have Si substitut-
ing for Ti in the crystal structure.

The Hoechst material may contain three phases, free TiO,, Al,TiOg,
and Si substituted Al,TiOg phases. The extreme brightness o? the
TiO, phase resulted in poor differentiation of the possible Al,TiOg
and Si substituted Al,TiOg phases. This explains why the Hoechst
dark phase composition is the same as the overall compaosition and
much different from the Ti depleted dark phases of the NGK and
Coors materials.

The data for the cast materials reveals very littie difference between
the composition of the phases in the as-received materials. It was
expected that the phases near the interface of the casting surface
would be richer in Fe, but no penetration of iron was observed.

X-ray Analysis

Previous x-ray diffraction studies on samples of as-received Coors,
NGK and Hoechst aluminum titanate showed they were nearly iden-
tical.[11] This information is shown in Figure 6. Additional work
was conducted to show the x-ray diffraction of the materials after
casting. Figure 7 shows the after casting patterns for the Coors,
NGK and Hoechst materials. The Coors and Hoechst patterns
remain relatively unchanged from those of the as-received patterns.
However, the NGK pattern reveals a reversal of the relative intensi-
ties between the [153] and [063] planes. The reason for this occur-
rence is likely to be due to oxide additions (FeO, MgO, SiO,) to the
aluminum titanate to stabilize the Al,TiOg and inhibit decomposition

toa -Al,O5 and rutile TiO,.
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Table 3: Elemental Composition of Aluminum Titanate Phases

ATOMIC % COMPOSITION

SAMPLE CONDITION PHASE Al Ti Si_ Fe Mg

Coors As-received Overall 52.7 30.2 141 3.0
Coors As-received AlLTiOs#¥ 551 6.1 37.7 1.2

Coors As-received Al,TiO 56.3 41.9 1.7
Coors* Cast Overal 547 304 117 3.1

NGK As-received Overall 46.2 380 47 39 7.1
NGK As-received AlLTiOs# 628 28 33.7 0.6
NGK As-received Al,TiO 47.0 43.0 40 6.0
NGK* Cast Overal? 484 396 32 38 50
Hoechst  As-received Overall 556 18.4 16.6 9.5
Hoechst  As-received Al,TiOg 56.1 16.2 16.1 11.6
Hoechst  As-received Ti62 15.56 59.3 25.5

Hoechst* Cast Qverall 54.8 18.0 19.1 8.1

* - Analysis of individual phases in cast materials revealed no significant
difference from as-received materials.

# - Al,TiOg structure with Si substitution into the crystal lattice.

Examination of the x-ray diffraction patterns after thermal degrada-
tion testing (5 h at 980°C) showed that there was no change in the
crystal structure of the Coors and NGK as-received and cast
materials. However, the x-ray diffraction patterns for both the
Hoechst as-received and cast materials showed crystal structure
changes.

A representative x-ray diffraction pattern of the Hoechst material
after thermal degradation is shown in Figure 8. When compared to
the as-received x-ray diffraction pattern in Figure 6, the thermal

degradation pattern shows an additional peak at 29° (26) and a
reduction in the intensity of the peak at 32° (20). The phases

identified for this pattern are the parent material, Al,TiOg, and a
rutile TiO,. The additional peak forms a doublet wi%h the primary
Al,TiOg peak at 27° and the primary TiO, peak at 29°.
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Figure 6: As-Received X-Ray Diffraction Patterns
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Figure 7: Cast X-Ray Diffraction Patterns
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Figure 8: Hoechst Thermal Degradation X-Ray Diffraction
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Thermal Expansion

In this section, the thermal expansion of aluminum titanate is discussed
as well as the thermal expansion of cast ductile iron material from
Golden Foundry.

Figure 9 shows the thermal expansion curves, from room temperature
to approximately 1350°C, for as-received samples of all three of the
aluminum titanate materials. The overall shape of each of the patterns
is very similar, with the expected hysteresis loop. However, the NGK
material appears to have undergone a permanent increase and the
Hoechst material a permanent decrease in overall length. The Coors
material returned to its original length.

Figure 10 shows the thermal expansion curves, from room tempera-
ture to approximately 13500C, for the cast samples of each aluminum
titanate. The cast NGK and Hoechst samples show the same behavior
as the as-received samples, with the NGK undergoing a permanent
increase and the Hoechst undergoing a permanent decrease in length.
The behavior of the cast Coors material differs from the as-received in
that the cast sample shows a permanent increase in length.

The thermal expansion of the cast iron material from Golden Foundry is
shown in Figure 11. This data reveals that the Austenite-Ferrite trans-
formation range is much different during cooling than on heating. The
cooling rate in the casting will determine whether the ferrite structure is
bainitic or pearlitic, and whether there is a transformation to martensite.

The thermal expansion of as-received and cast samples were
examined in thermal degradation testing (5 h at 980°C). The results of
this test showed that these specific test conditions did not affect the
thermal expansion of any of the as-received or cast aluminum tita-
nates.

Thermal Conductivity

Figure 12 shows the thermal conductivity data for all of the aluminum
titanates. The Coors and Hoechst data show similar conductivity
behavior, while the NGK reveals a much lower conductivity with a simi-
lar trend of increasing conductivity with increasing temperature.

The data for the cast iron is shown in Figure 13. One of the cast iron
samples reveals behavior typical of cast iron showing a discontinuity
through the transformation range just above 700°C. The other cast
iron sample does not show this effect and reveals a much lower con-
ductivity. This behavior is more typical of an alloyed steel, where the
crystal structure transformations are suppressed.
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Figure 9: As-Received Thermal Expansion Curves
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Figure 10: Cast Thermal Expansion Curves
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Figure 11: Cast Iron Thermal Expansion
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Figure 12: As-Received Thermal Conductivity
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Figure 13: Cast Iron Thermal Conductivity
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PHASE II: ENVIRONMENTAL EXPOSURE

Thermal/Oxidation Studies

Flexural Strength

Flexural strength tests, on specimens of each of the aluminum tita-
nates were conducted after the thermal exposures. Table 4 and
Figures 14 (Lot A) and 15 (Lot B) show the data for each simulated
exhaust temperature after the two simulated casting condition
exposures.

The Coors material did not exhibit any loss in strength after expo-
sure to the different simulated exhaust temperatures for either the
Lot A or Lot B samples. There was no appearent difference in
strength between Lot A and Lot B.

The Hoechst material did not show any loss in strength after expo-
sure to simulated exhaust temperatures #1, #2 and #3 for either
Lot A or Lot B sample. The Lot B sample showed a decrease in
strength compared to the Lot A samples. The small number of
specimens tested does not allow any conclusions to be drawn as to
whether there is a true difference in strength. Additional samples
need to be tested to make this determination.

After simulated exhaust temperature exposure #4, the Hoechst
material showed a great increase in strength (650 to 800%) for the
Lot A and Lot B sample. This drastic change in the material proper-
ties indicates that the exposure has induced a change in the mate-
rial structure.

The NGK material did not show any loss in strength after exposure
to the different simulated exhaust temperature exposures when
compared to the Lot A and Lot B baseline samples. The material
showed a decrease in strength for the Lot B sample similar to that
seen for the Hoechst material, but again, additional samples need
to be tested to determine if the difference is significant. There is no
data reported for the NGK material after the 815/500 exposure in
the Lot A sample, because all specimens were broken during han-
dling prior to testing. It is unlikely that this is due to the thermal
exposure, but is due to the inherent weakness of the NGK material.

Eractography

The fracture surfaces of the flexural test samples were examined
under an optical microscope. As was encountered with the as-
received samples, the low strength and microstructural porosity did
not allow determination of fracture origins.
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Table 4. Flexural Strength After Exposure

Flexural Strength, MPa

Material Baseline 540°C/500 h 815°C/500 h 1090°C/500 h

Lot A

Coors Mean 31.30 37.33 37.33 35.22
Std Dev 4.11 1.93 1.83 0.0
n 9 5 5 4

Hoechst Mean 22.45 25.36 22.01 123.26
Std Dev 2.62 3.86 1.76 9.96
n 8 5 4 5

NGK Mean 9.39 11.45 -- 14.09
Std Dev 1.76 1.76 - 0.0
n 9 4 -- 4

Lot B

Coors Mean 32.05 32.40 37.86 42.96
Std Dev 2.00 2.95 3.37 6.30
n 10 5 4 5

Hoechst Mean 10.21 11.97 16.90 122.55
Std Dev 3.88 4.02 1.58 7.22
n 10 5 5 5

NGK Mean 7.04 7.04 10.57 7.04
Std Dev 0.0 0.0 0.0 0.0
n 9 2 4 2

Mi I

The microstructures of the aluminum titanates after the different
simulated exhaust temperature exposures were similar to the fur-
nace exposure microstructures in Figure 3, except for the Hoechst
material after simulated exhaust temperature exposure #4 in both

the Lot A and Lot B sample.

These microstructures showed an increased white phase and finer
grain structure than was seen in the furnace exposure and simu-
lated exhaust temperature exposures #1, #2 and #3. The micro-
structure of the Lot A, simulated exhaust temperature exposure #1

and #4 samples are compared in Figure 16.
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Figure 14: Lot A Flexural Strength
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Figure 15: Lot B Flexural Strength
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Figure 16: Hoechst Simulated Exhaust Temperature Exposure #1
and #4 Microstructures
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The overall elemental composition of the samples after each of the
simulated exhaust temperature exposures were determined by
SEM Energy Dispersive Analysis. The compositions for each of the
materials were consistent with the cast compositions in Table 3.

X-Ray Analysis

The crystal structure of the Hoechst material after simulated
exhaust temperature exposure #4 was examined using x-ray dif-
fraction. The diffraction pattern for this sample was distinctly differ-
ent from the as-received or cast x-ray diffraction patterns. The x-ray
diffraction pattern of the Lot A, simulated exhaust temperature
exposure #4 sample is shown in Figure 17. The phases identified
from the pattern were Al,TiO5, a-Al,O3, and a Ti-Fe-Mg-Al compos-
ite oxide.

Thermal Expansion

The thermal expansion curves for each of the NGK and Coors sam-
ples, after the different simulated exhaust temperature exposures,
showed the same shape as the cast thermal expansion curves
(Figure 10). As the simulated exhaust exposure temperature
increases, the final length for samples of both materials changes
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from a net increase (simulated exhaust temperature exposure # 1)
to g net decrease (simulated exhaust temperature exposures #3
and #4).

The thermal expansion curves for the Hoechst material after simu-
lated exhaust temperature exposures #1, #2 and #3 showed no
differences from the cast thermal expansion curve. However, the
thermal expansion curve for the material after simulated exhaust
temperature exposure #4, was significantly different. This curve
was fairly linear and did not exhibit a hysteresis loop typical of the
aluminum titanates. The curve closely resembled a thermal expan-

sion curve of a-AlxO,.

Diesel Exhaust Exposure

Engine induced vibration of the sample holder assembly in the exhaust duct-
ing, combined with the low inherent strength of the materials, resulted in
failure of the test specimens during exposure.

In discussions with Mr. Jeffery Swab of MTL, it was agreed that this
data could not be collected because of the specimen failures during
exhaust exposure.

Cylinder Head Casting

The ports with the ceramic foam compliant layer were the only ports to
surr;/ive the casting intact. All other ports failed by spalling on the inner
surface.

Since several of the ports survived casting, it was decided to investi-
gate the behavior of the port in an engine test. One of the cylinders
with a surviving port was chosen for machining to a single cylinder
head.

The multi-cylinder head was cut and machined to a single cylinder con-
figuration. Figure 18 shows a photograph of the finished single cylin-
der head. Imprecise placement of the ports in the core prior to casting
resulted in several problems during machining of the single cylinder
head, including one operation where the machining tool touched the
port and produced some damage. Since the objective was to examine
the behavior during an engine test for proof-of-concept, the port was
repaired with a ceramic high temperature adhesive.

This head survived the single cylinder engine test for several hours with
no additional damage to the ceramic demonstrating the potential suc-
cess of the cast-in-place concept for insulated heads.
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Figure 17: Hoechst Simulated Exhaust Temperature Exposure #4
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Figure 18: Ceramic Port in V-903 Engine Head




PHASE Ill: INSTRUMENTED CASTING TRIALS

Cummins investigated the feasibility of the cast-in-place ceramic port con-
cept in conjunction with foundry technologists at Golden Foundry and
Case Western University. Most of the effort was conducted through trial
and error processes. Instrumented casting trials will supply necessary
information for future modelling studies as well as information concerning
the actual casting process.

Preliminary Casting Studies

The initial casting studies were undertaken to investigate some of the
casting parameters which would affect the survival of the cast-in-place
port.

Figure 19 shows a diagram of the thermocouple locations to instru-
ment the sample ports for the final casting trials. These locations were
determined by thermocouple survival and performance in the
preliminary casting work.

The parameters to be investigated in the final casting will involve instru-
mentation and testing of ports with two different compliant layers in
combination with four different core sand materials. Core sands to be
tested include silica (SiO5,), zircon (ZrSiQ,4), SiC and SiC with iron shot
in the matrix.

Figure 19: Thermocouple Locations for Instrumented Casting

Core Wall
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Final Casting Studies

Figure 20 shows the temperature profiles with respect to time at the center
core location of the port for the four runs containing a paper layer on the
port. The most significant phenomena to note is the presence of a tempera-
ture/time lag at approximately 1000C for each core sand composition. This
phenomena represents the evaporation of water from the core sand. The
more thermally conductive sands (SiC & SiC/Fe) heat up and cool faster
than the lower conductive sands. As expected, SiO, sand requires a longer
time to heat up in the core center and subsequently, retains that heat for a
longer time than the other sands. The pattern for the ZrSiO4 sand is much
different than any of the other sands. The profile for the ZrSiO4 is not fully
understood at this time.

Figure 21 shows similar data for each core sand composition at the core wall
location of each casting containing no compliant layer. There is no apparent
lag in initial heat-up of the core sand at the wall location, due to the proximity
of the core wall to the surrounding metal being poured. This data reveals
that the SiC/Fe sand has a more pronounced cooling effect, especially
around 700°C, due to its higher thermal conductivity. This cooling may
occur because of the transformation in iron at this temperature.

Figure 22 shows the gradient that exists from core wall to core center during
cooldown of the casting. It is interesting to note the significant reduction in
the thermal gradient from core wall to core center for the SiC/Fe core com-
position due to its higher thermal conductivity. A core sand with a higher
thermal conductivity exhibits an even distribution of heat from port to the
center core which should result in fewer failures in the port during casting.

Core Sand Considerations

Thermal expansion studies were conducted on the core sands used in
the final casting studies above.

Figure 23 shows the thermal expansion profiles for the SiO,, ZrSiOy,
SiC and 50% SiC/50% Fe core sands respectively. Each thermal
expansion curve represents the material’s expansion behavior over the
range 25 to 900°C.

The three ceramic sands (i.e. SiO,, ZrSiO,, SiC), show a tremendous
contraction above 500°C on cooﬁng, which results in an overall
decrease in length. The 50% SiC/50% Fe sand, on the other hand,
does not exhibit the contraction and this sand shows a permanent
length increase upon cooling to room temperature.

Figure 24 shows photographs of the castings in which no compliant
layer was used for the SiO,, ZrSiQ,, SiC and 50% SiC/50% Fe core
sand compositions, respectively. The casting in which the SiC/Fe
sand was used reveals no evidence of damage to the ceramic.
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Figure 20: Time/Temperature Profiles: Center Core
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Figure 21: Time/Temperature Profiles Port Wall
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Figure 22: Port Wall to Core Center Thermal Gradient
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Figure 23: Core Sand Thermal Expansion

THERMAL EXPANSION OF CORE SANDS

Various Core Sands

Expansion

0.015

0.01

0.005

-0.005

T

-0.01

-0.015

-0.02 - f

I

o

@

0
IS

_0.025 | 1 i 1
o 200 400 600 800

Temperature, C

-45.

1000




Figure 24: Core Sand Effects on Single Port Castings with No
Compliant Layer on the Port
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DISCUSSION:

Aluminum titanate is a material that shows promise as a cast-in-place intake
and exhaust ports. The material has very interesting thermal properties, but
lacks the strength and toughness of many advanced ceramics.

The physical and mechanical properties of the aluminum titanates from differ-
ent suppliers vary greatly. This has been shown in some earlier work at Cum-
mins [11,12,13] and correlates with the current work.

The relationships between grain size, microcracking and mechanical proper-
ties have been reviewed by Thomas and Stevens.[5] More recent work by
Parker and Rice [6] correlates the grain size and microcracking with thermal
expansion and strength. This work showed that there is a critical grain size
for microcrack formation. When the grain size exceeds the critical value,
microcracks form at the grain boundaries. The extent of microcracking
affects the measured properties for the material.

Aluminum titanate from NGK is low density with an extensive crack structure
and has low strength, low modulus and low thermal conductivity. The Coors
and Hoechst aluminum titanates were higher density and had a similar ther-
mal conductivity. The Coors material had a fine grained structure and the
Hoechst material had a coarse grained structurc with very little cracking in
either material. The fine grained Coors material had higher strength and
modulus than the coarse grained Hoechst material.

The NGK material was severely microcracked as shown by the low thermal
conductivity, low strength and modulus values. The thermal expansion
curves were typical of a microcracked structure with a hysteresis loop occur-
ring over a heating and cooling cycle. The hysteresis comes from the aniso-
tropic expansion (expansion along a and b axes and contraction along ¢ axis)
of the grains with microcrack healing occurring during heating, then direct
contraction without microcrack formation on cooling until a critical tempera-
ture (around 500 to 700°C) is reached and the final stage of grain contraction
with microcrack formation causing growth in the material.

The aluminum titanate from Coors was a dense material with some micro-
cracking as shown by the thermal expansion behavior. The relatively high
values for thermal conductivity, strength and modulus indicate that the
microcracking was not extensive. Exposure to temperature appeared to
cause consolidation and grain growth with resultant drop in strength. This
behavior was predicted by the work of Parker and Rice.[6] The retention of
an Al,TiOg phase structure after all exposures indicates that the additives are
effective in stabilizing the structure.

The aluminum titanate from Hoechst also was a dense material with some
microcracking. The thermal expansion curves showed the characteristic hys-
teresis loop. The Hoechst material had a larger grain size than the Coors
material and had lower strength and modulus. The thermal conductivity was
in the same range as the Coors material indicating that the extent of micro-
cracking was similar. During the thermal degradation exposure (5 h at
980°C), the Al,TiO5 showed decomposition and growth of a free TiO, phase,
indicating that the phase stabilization additives were not effective at high tem-
peratures (above 8950°C). This result was confirmed by the flexural strength,
thermal expansion and phase structure results after 500 h exposure at
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1090°C. The flexural strength increased 550%, the thermal expansion curve
was linear with no hysteresis and the phase structure was representative of

(!-A|203.

Casting aluminum titanate in iron was a significant challenge. In the initial
cooling of the casting, the cast iron contracts very rapidly against the weaker
aluminum titanate, which cannot contract as fast. Shortly after the cast iron
cools through the transformation range at 720°C, it contracts very rapidly and
the aluminum titanate begins to expand significantly. It is possible that this
temperature during cooldown is the most critical in the casting operation,
since the weaker ceramic must withstand the compressive forces of the cast
iron while expanding directly against it.

The behavior of the core sands has several implications in terms of the cast-
ing of ceramic exhaust ports into cast iron heads. Considering the behavior
of the core sands during the cooldown stage of the casting process, it is
evident that the SiO, and ZrSiO4 sands, and to a lesser exteiit, the SiC sand
lose the ability to support the ceramic port during the critical stages of cooling
because of the length contraction of the cores. However, the 50% SiC/50%
Fe sand gives greater support to the ceramic during cooldown with the possi-
ble result of reduced failures in the ceramic.

SiC and SiC/Fe core sand combinations resulted in castings of significant
promise. Optimization of core sand compositions coupled with research into
design, analysis and compliant layer technology appear to be necessary ave-
nues to achieving success in casting ceramic port materials in gray iron.

The casting in which the SiC/Fe sand was used reveals no evidence of dam-
age to the ceramic. This is quite impressive since there was no compliant
layer in place to help increase the probability of survival of the ceramic.
However, hot tearing of the metal is evident, which suggests the necessity of
optimizing the expansion behavior of the 50% SiC/50% Fe sand by varying
the concentration of the iron.

Figure 25 shows the expansion curves of Al,TiOs, the SiC/Fe sand and gray cast
iron. The profile for the 50% SiC/50% Fe sand is very similar to the profile for gray
cast iron in terms of the expansion behavior of the material. In both cases, we see
a high degree of increase in expansion at approximately 700°C because of the
transformation typical in cast iron. However, the presence of the SiC in the material
maintains the overall expansion lower than that typical of cast iron. Reducing the
composition of the iron in the core sand may help bring the core sand expansion
closer to that of the gray cast iron during the critical cooldown stage (i.e. below
4000C) and result in a higher degree of integrity in the metal itself.

The use of different compliant layers was investigated in terms of the integrity of the
finished casting. Previous casting studies [13,14,15,16] have revealed that the use
of compliant layers results in improved integrity of the finished casting. The effect
of the compliant layers, on the integrity of the casting, could not be differentiated
from the effect of the different core sand in this study.
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Figure 25: Thermal Expansion Comparison of Casting Materials
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CONCLUSIONS:

Aluminum titanate is a relatively weak ceramic material with excellent thermal
shock resistance, unusual thermal expansion characteristics, and a low ther-
mal conductivity which permits it to be used as cast in place insulation.

The material evaluation carried out in this study shows that there are signifi-
cant ciffererices in the strength, stability and thermophysical properties of alu-
minum titanates from different suppliers. This variation in the material is
another variable which must be taken into consideration when producing a
finished component.

The casting procedures developed in this work have shown that a port of
aluminum titanate material can be successfully incorporated into an iron cast-
ing, but additional work is necessary to tailor the casting process parameters
and reduce the failure rates for the ceramic port.

Incorporation of an insulating aluminum titanate exhaust port into a state-of-
the-art diesel engine head remains a significant challenge. The development
of a cylinder head with insulating ports will require major changes to the
cylinder head, port design, exhaust port material, and the casting procedure.
These efforts will require major time and financial commitments to be suc-
cessful for diesel applications.
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RECOMMENDATIONS:

1) The mechanical properties of aluminum titanate need further development
to produce a more robust ceramic component resulting in a higher probability
of survival during casting.

2) Further casting work should be performed to analyze the casting parame-
ters of importance and optimize the casting process.

3) Design & analysis of the cast-in-place system, using modelling and infor-
mation developed in additional instrumented casting studies, is necessary to
characterize the important design criteria in the casting process.
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NDE MEASUREMENTS ON ALUMINUM TITANATE

Seven samples of aluminum titanate were obtained for ultrasonic elastic modulus
determination. These samples consisted of two specimens each from Coors and Hoechst and three
samples from NGK. The material included one as-received and one after-casting sample from each
vendor and one additional small after-casting piece from NGK. Since the samples were quite
porous, typical fluids could not be used to couple ultrasonic signals into the samples. Instead, a
viscous material normally used to couple shear waves into elastic media was used to introduce both
transverse and shear waves into the specimens. The elastic wave velocities were then measured at
five points on each sample and the results averaged. As expected, there was considerable variation
from point to point on each sample, particularly for the NGK samples. In fact, the point-to-point
variation was greater for each sample than the difference in the averaged values of the as-received
and after-casting samples for each vendor. For the NGK material, the variation in the elastic wave
velocities between the two after-casting samples was greater than that between one of the after-
casting samples and the as-received sample.

Since the density of each sample was required to compute the elastic moduli and since none
of the samples was suitable for immersion density determination, a rough value was obtained from
Cummins. The values communicated were 3.14 gm/cm® (Coors), 2.98 gm/cm® (NGK), and 3.23
gm/cm® (Hoechst). Using these values and the elastic wave velocities previously determined,
estimates for the shear modulus, Poisson’s ratio, and Young’s modulus were calculated using the
well-known linear elastic relations.! An error analysis of the data obtained on the NGK samples
indicates than the r.m.s. error in the shear and Young's moduli is 10% and 17%, respectively, but
is 224% in the value of Poisson’s ratio. This is unavoidable because of the extreme variability in
the samples. The statistical error in the Coors and Hoechst samples is somewhat less.

1 Robert C. McMaster, Nondestructive Testing Handbook II, Ronald Press, New
York, 1959,
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SYMBOLS USED IN ELASTIC MODULUS DETERMINATION

v, Compressional wave velocity

A Transverse (shear) wave velocity
rho (p) Material density

mu (p) Shear Modulus (first Lamé constant)
lambda () Second Lamé constant

sigma (o) Poisson’s ratio

Y Young'’'s modulus

The moduli are calculated using the measured wave velocities and the following

relationships for linear, isotropic media:

Vo= du/p)* 5 Vy=((A+2p)/p)* ; Y=2u(l +0) ; and
o= (1-2v)/(2-2y) ;

vhere v = (V./V;)2.
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Thermophysical Properties of Selected Materials

INTRODUCTION

Samples of certain materials were submitted for thermal conductivity
determinations, The samples are identified in Table 1. Thermal aifrfusivity
(a) values were obtained using the laser flash technique. Bulk aensity (d)
values were calculated from the diffusivity sample's geometries and mass.
Specifiic heat (Cp) values were obtained using differential scanning calorime-
try and therwal conductivity (A) was calculated as a product of these

quantities, i.e. A = aCpd.

Specitic heat was measured using a standard Perkin-Elmer Mocel DSC-2 Dif=-
ferentias Scanning Calorimeter (Figure 1) using sapphire as a reference
material. The standard and sample, both encapsulated in pans, were subjected
to the same heat flux and the differential power required to heat the sample
at the same rate was recorded using the digital data acquisition system (Fig-
ure 2). From the mass of the sapphire standard, pans, the aifferential power,
and the known specific heat of sapphire, the specific heat of the sample 1is
computed. The experimental data is visually displayed as the experiment

progresses. All measured quantities are directly traceable to NBS stanaards.

Thermal diffusivity was determined using the laser flash diffusivity
method. The flash method, in which the front face of a small disc-shaped sam-
ple is subjected to & short laser burst and the resulting rear face

temperature rise is recorded, is used in over 80% of the present thermal dif-
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fusivity measurements throughout the world. A highly developed apparatus
exists at PRL (Figure 3) and we have been involved in an extensive program to
evaluate the technique and broaden its uses. The apparatus consists of a
Korad K2 1laser, a high vacuum system including a bell Jjar with winaows for
viewing the sample, a tantalum tube heater surrounaing a sample holaing assem-
bly, a spring-loaded thermocouple or an i.r. detector, appropriate biasing
circuits, amplifiers, A-D converters, crystal clocks and a minicomputer based
aigital data acquisition system (Figure 2) capable of accurately taking data
in the 40 umicrosecond and longer time domain. The computer controls the
experiment, collects the data, calculates the results and compares the raw

data with the theoretical mogel.

RESULTS AND DISCUSSION

Sample dimensions, masses and bulk density values are listea in Table 2,

The density values sister samples are in close agreement.

Specific heat results are given in Tables 3 (Al2TiOs samples) and A
(cast 4iron and ZrOz samples), and are plotted in Figures 4 and 5. The spec-
ific heat of the A12T105 samples all lie within a *2% band and the
extrapolation to higher temperatures presented no difficulties. The results
for the other samples also fall within a relatively narrow band despite the
differences in compositions. However, the extrapolation for the iron samples

was not straight forwara due to the Curie transformation near 780C.
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Thermal diffusivity results are given in Table 5. The diffusivity
results for the Al,1i05 waterials are plotted in Figure 6. The results for
the NGK samples are lower than those for the other two materials in line with
their lower density values. Thermal diffusivity values f'or the cast iron sam-
ples are plotted in Figure 7. These results are not in good agreement,
especially at lower temperatures. The values for JWC-8 are similar to that of
regular iron, whereas the values for JWC-7 are similar to an alloy.
Diffusivity values for the TMY samples are plotted in Figure 8. The
Zr203 sauple has the lowest diffusivity ano the sample with the most metal

has the highest diftwsivity.

Thermal conductivity results are calculated in Table 6. The conauctivity
values for the A12T105 Samples are plotted in Figure 9. The NGK samples have
the lower conductivity values. The results for the Coors ana Hoecsht materi-
als are similar to each other. The coanaquctivity values for the cast iron are
plotted in Figure 10. The values for JWC-7 are significantly lower than those
for JWC-8 and the temperature dependencies are also markedly different. The
conauctivity values of the TMY samples are plotted in Figure 11. The results
for TMY-3 and -4 are almost identical despite their compositional differences.

The results for TMY-1 are about half those for TMY-3 and -i.
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Sample
Identification

Jwc-1
JWC-2
Jwc-3
JWC-4
JWC-5
JWC-6
JWC-7
JWC-8

™Y-1
™Y-2
™Y-3
™Y-4

Table 1

Sample Characterizations

Description

Coors AlzTiO5
Coors Al,TiOg
NGK A12T105
Hoecsht AlzTiO5
Hoecsht Al;TiOg
NGK Al,TiOg
Cast Iron

Cast Iron

RM7P202-7-5 UTRC 88 to 92% Zr0,

RM7P40/60 UTRC 40/60 Zr02/CoCrAlY
RM7P85/15 UTRC 85/15 Zr0,/CoCrAlY

Zrdy +7% Y, 03
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TABLE 2

Sample Geometries, Masses and Bulk Density Values

Sample
Designation

Jwc-1
JwC-2
JWC-3
JWC-~4
JWC-5
JWC-6
Jwc-7
JwC-8

TMY-1
TMY-2
TMY-3
TMY-4

Thick
(in.)
0.1303
0.1506
0.1475
0.1551
0.1494
0.1471
0.1506
0.1506

0.0891
0.1082
0.0914
0.0610

Width
(in.)

0.4825
0.4951
0.4885
0.5010
0.4868
0.5005
0.4778
0.5003

0.5062
0.4850
0.4777
0.5042
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Wwidth
(in.)
0.4866
0.5031
0.4691
0.4699
0.5051
0.5007
0.4890
0.4990

0.5046
0.4860
0.4990
0.4290

Mass
(gms)
1.5479
1.9231
1.5881
1.9018
1.9114
1.7399
44,2667
4,3853

1.8031
2.4822
1.8609
1.0619

Density
(gms cm-3)
3.088
2.128
2.867
3.178
3.157
2.880
7.400
7.118

4,835
5.939
5.212
4,911




TABLE 3

Specific Heat of Alz'rios

TEMP. JWC-1 JWC~2 JWC-3 JWC=4 JWC-5 JWC=6
(C) (Ws gm-1K-1)(Ws gm-1K-1)(Ws gm-1K-1)(Ws gm-1K-1)(Ws gm-1K-1)(Ws gm-1K-1)
52.0 0.771 0.769 0.770 0.785 0.775 0.777
77.0 0.808 0.808 0.802 0.819 0.810 0.814

102 0 0.835 0.836 0.827 0.846 0.837 0.842

127 0 0.860 0.860 0.849 0.868 0.859 0.866

152.0 0.882 0.882 0.869 0.888 0.878 0.887

177 0 0.899 0.900 0.885 0.905 0.895 0.904

202-0 0.914 0.915 0.899 0.920 0.910 0.919

227 0 0.928 0.928 0.911 0.933 0.923 0.933

252.0 0.939 0.940 0.923 0.943 0.935 0.944

277.0 0.950 0.951 0.933 0.954 0.946 0.954

302.0 0.961 0.962 0.945 0.965 0.958 0.964

327.0 0.972 0.973 0.956 0.976 0.969 0.974

352 0 0.983 0.984 0.968 0.986 0.982 0.985

402.0 1.003 1.003 0.986 1.007 1.004 1.011

427.0 1.014 1.018 0.993 1.013 1.014 1.022

452.0 1.020 1.025 0.999 1.020 1.024 1.030

477.0 1.029 1.034 1.008 1.030 1.035 1.036

502.0 1.037 1.041 1.017 1.039 1.045 1.041

527 0 1.046 1.048 1.024 1.048 1.051 1.047

552.0 1.054 1.056 1.030 1.056 1.054 1.050

577.0 1.063 1.064 1.035 1.061 1.058 1.057
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TABLE 4
Specific Heat of Iron and Zr0,
Materials

TEMP. JWC~ JWC-8 TMY-1 TMY-2 ™Y~ TMY-4

(c) (Ws gmIk-1)(Ws gm-1K-1)(Ws gm-1K-1)(Ws gm-1K-1)(Ws gm-IK-1)(Ws gm-1K-1)
77.0 0.50% 0.510 0.488 0.487 0.492 0.496
102.0 0.511 0.518 0.503 0.499 0.505 0.510
127.0 0.518 0.524 0.514 0.508 0.516 0.522
152 0 0.523 0.529 0.524 0.517 0.524 0.532
177.0 0.528 0.533 0.532 0.524 0.532 0.540
202 0 0.533 0.536 0.539 0.530 0.538 0.546
227.0 0.538 0.541 0.544 0.536 0.543 0.551
252 0 0.543 0.545 0.549 0.540 0.548 0.557
277-0 0.547 0.550 0.553 0.545 0.5852 0.560
302 0 0.551 0.553 0.557 0.548 0.556 0.565
327.0 0.553 0.555 0.560 0.552 0.55¢ 0.569
352.0 0.556 0.558 0.564 0.555 0.563 0.573
377-0 0.559 0.562 0.568 0.558 0.567 0.577
402.0 0.562 0.569 0.572 0.572 0.582 0.586
427.0 0.564 0.577 0.575 0.580 0.585 0.590
452 0 0.568 0.590 0.576 0.586 0.589 0.593
477.0 0.579 0.605 0.579 0.590 0.592 0.598
502 0 0.595 0.615 0.583 0.594 0.596 0.601
527.0 0.605 0.621 0.586 0.596 0.601 0.604
552.0 0.613 0.624 0.587 0.596 0.607 0.606
577-.0 0.617 0.624 0.586 0.596 0.612 0.608
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Sample
(No.)

JWC-1
JWC-1
JWC-1
JWC-1

JHC=-2
JUC-2
JWC-2
JWC=2

JWC-3
JWC=3
JWC-3
JWC-3

JWC-4
JWC-4
JWC-4
JWC-4

JWC-5
JWC-5
JWC-5
JWC-5

JWC-6
JWC-6
JWC-6
JWC-6

Temp.
(c)

600.0
700.0
800.0
900.0

600.0
700.0
800.0
900.0

600.0
700.0
800.0
900.0

600.0
700.0
800.0
900.0

600.0
700.0
800.0
900.0

600.0
700.0
800.0
900.0

Density Specitic Heat Diffusivity Conductivity Conductivity
-1 -1 =1

(gm cm

3.088
3.088
3.088
3.088

3.126
3.128
3.128
3.128

2.867
2.867
2.867
2.867

3.178
3.178
3.178
3.178

3.157
3.157
3.157
3.157

2.880
2.880
2.880
2.880

TABLE 6

Thermal Conductivity Calculations

3

-1

-2

¢ (BTU in hr ft F

-1

)

-1 =1
) (Wsgnm K

1.0710
1.1050
1.1370
1.1680

1.0710
1.1050
1.1370
1.1680

1.0460
1.0770
1.1060
1.1270

1.0710
1.1050
1.1370
1.1680

1.0710
1.1050
1.1370
1.1680

1.0710
1.1050
1.1370
1.16 80

2

) (cuw sec
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0.00496
0.00500
0.00537
0.00545

0.00540
0.00530
0.00516
0.00605

0.00367
0.00364
0.00402
0.00452

0.00491
0.00480
0.00488
0.00535

0.00508
0.00503
0.00513
0.00538

0.00378
0.00384
0.00427
0.00465

) (Wem K ) (BTU units %)

0.01640
0.01706
0.01885
0.01966

0.01809
0.01832
0.01835
0.02210

0.01101
0.01124
0.01275
0.01460

0.01671
0.01686
0.01763
0.01986

0.01718
0.01755
0.01641
0.01984

0.01166
0.01222
0.01398
0.01564

11.37
11.83
13.07
13.63

12.54
12.70
12.72
15.33

7.63
7.79
6.84
10.13

11.59
11.69
12.23
13.77

11.91
12.17
12.77
13.75

6.06
8.u7
9.69
10.85

Temp
(F)

1112.0
1292.0
1472.0
1652.0

1112.0
1292.0
1472.0
1652.0

1112.0
1292.0
1472.0
1652.0

1112.0
1292.0
1472.0
1652.0

1112.0
1292.0
1472.0
1652.0

1112.0
1292.0
1472.0
1652.0




Density Specific Heat Diffusivity Conductivity Conductivity

-1 =1

) (Wem K ) (BTU units )

0.20647
0.21880
0.23616
0.25147

0.31375
0.26397
0.28073
0.33059

0.00685
0.00708
0.00722
0.00665
0.00657
0.00644
0.00632

0.01839
0.01940
0.02004
0.02017
0.02001
0.02047
0.02064

0.01065
0.01104
0.01109
0.01126
0.01129
0.01135
0.01144

0.01159
0.01131
0.01107
0.01118
0.01085
0.01088
0.01075

TABLE 6 (Cont.)
Thermal Conauctivity Calculations
Sample Temp.
-3 -1 -1 2 -1
(No.) (C) (egmem ) (W s gm K ) (cm sec
JWC-7 600.0 T7.400 0.6270 0.04450
JWC=T 700.0 7.400 0.6400 0.04620
JWC-7 800.0 7.400 0.6580 0.04850
JWC-7 900.0 7.400 0.6810 0.04990
JWC-8 600.0 T7.118 0.6270 0.07030
JWC-8 700.0 T7.118 0.6670 0.05560
JWC=-56 800.0 T7.118 0.6800 0.05800
JWC-8 900.,0 7.118 0.6560 0.07060
TMY -1 315.0 4.835 0.5580 0.00254
TMY-1 400.0 4.835 0.5720 0.00256
TMY-1 500.0 4.835 0.5830 0.00256
TMY=-1 600.0 4.835 0.5880 0.00234
TMY-1 700.0 4.835 0.5930 0.00229
TMY =1 800.0 4.835 0.5950 0.00224
TMY =1 870.0 4.835 0.5970 0.00219
THY=2 315.0 5.939 0.5500 0.00563
TMY=2 400.0 5.939 0.5720 0.00571
T™MY-2 500.0 5.939 0.5940 0.00568
TMY=-2 600.0 5.939 0.6010 0.00565
TMY-2 700.0 5.939 0.6070 0.00555
T™MY=2 800.0 5.939 0.6100 0.00565
TMY=2 870.0 5.939 0.6150 0.00565
TMY-3 315.0 5.212 0.5570 0.00367
TMY-3 400.0 5.212 0.5820 0.00364
THY=-3 500.0 5.212 0.5960 0.0035%7
TMY=-3 600.0 5.212 0.6070 0.00356
TMY-3 700.0 5.212 0.6120 0.00354
TMY=-3 800.0 5.212 0.6170 0.00353
TMY=3 870.0 5.212 0.6220 0.00353
TMY =4 315.0 4.911 0.5660 0.00417
TMY =4 400.0 4.9M11 0.5860 0.00393
TMY -4 500.0 4.911 0.6010 0.00375
TMY=4 600.0 4.911 0.6070 0.00375
TMY =4 700.0 4.911 0.6120 0.00361
T™MY =4 800.0 4.911 0.6170 0.00359
TMY -4 870.0 4.911 0.6220 0.00352
-1 =2 =
¢ (BTU in hr ft F ) =72~

143.16
151.71
163.74
174.35

217.54
183.02
194.65
229.22

4.75
4.9
5.00
4.61
4.55
4.47
4.38

12.75
13.45
13.89
13.98
13.87
14.19
14.31

7039
7.66
7.69
7.81
7.83
7.87
7.93

8.04

NN
L]

::U\U'I-dc\g

NhEMNMN I
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Temp
(F)

1112.0
1292.0
1472.0
1652.0

1112.0
1292.0
1472.0
1652.0

599.0
752.0
932.0
1112.0
1292.0
1472.0
1598.0

599.0
752.0
932.0
1112.0
1292.0
1472.0
1598.0

599.0
752.0
932.0
1112.0
1292.0
1472.0
1598.0

599.0
752.0
932.0
1112.0
1292.0
1472.0
1598.0
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